This paper presents the results of the early stages of both a continuing experimental work on the square confined concrete columns and their 3D finite element modeling based on the isotropic damage theory in order to establish a realistic approach for the confinement pressure. Based on the axial behavior of four RC columns with a 200 mm square cross section tested under concentric loading, existing experimental data and procedures in the literature are evaluated. As demonstrated from the comparison of the FE analysis and the test results, obtaining a uniform axial loading and deformation state is questionable.
Introduction
The compressive strength of RC columns increase with increasing confining pressure. The confinement mechanisms are transverse reinforcements such as stirrups or spirals, FRP wraps, and steel jackets, etc. extensive research on the axial behavior of confined concrete has been carried out since the pioneering study of Richardt et al. [1] .
The constitutive model for confined concrete based on the experimental findings plays an important role in the pushover analysis of RC structures. There are some frequently cited models (Hognestad [2] , Kent and Park [3] , Sheikh and Uzumeri [4] , Mander et al. [5] , Saatcioglu and Razvi [6] ) to predict the peak stress or the stress-strain curve of confined concrete. Only the latest two recommends a relation for finding the confining pressure. Mainly two experimental works conducted by Sheikh and Uzumeri [7] , Mander et al. [8] , are employed mainly for derivation of these relations.
Techniques for measuring longitudinal deformations and the effects of possible small defects on the cross-section of the columns during the production of the specimens to the experimental results are evaluated.
Experimental work
The square specimens in the test program have 200x200 mm cross-section dimensions and 1000 mm height. The columns tested in the structural laboratory of Yıldız Technical University, are a first part of a Ph.D. study about confined RC columns. Fig. 1 shows the details of test setup and instrumentation. Test setup and the details of test specimens.
There is only one type of concrete mix for all test columns. C1, C2, and C3 type columns are tested respectively at 30 days, 60 days and 90 days. All longitudinal bars are 10mm in diameter and L4 and L8 shows the number of the bars in the cross-section of a column. The tie spacing is 100mm and the S8 and S12 represent tie diameters. In this paper, the results of the C1 type-columns are presented.
For measurement of axial strains, four linear variable displacement transducers (LVDTs) are placed over the central 400mm gage length at each side of a column in a similar way used to assess any eccentricity of the applied load as recommended in the study of Shrive et al. [9] . A pre-loading up to the onefourth of the predicted axial capacity is applied to maintain similar displacement readings at LVDTs so that in the linear elastic stage of the overall behavior any eccentricity can be eliminated.
Similar procedures have been used for measuring the axial shortening in the literature. In the experimental study of Sheikh and Uzumeri [7] , the load versus deformation behavior of the test region of the columns was recorded using two linear variable displacement transducers (LVDT), one on the west, and the other on the east side of the column. Strain curves were averaged along the strain axis to obtain the mean load versus average strain characteristics of the test region. Mander et al. [8] took several readings of longitudinal strains over the central 450mm gage length of each column using four linear potentiometers. The average of the four potentiometers around the circumference was used prior to reaching maximum load. After this load level, some critical potentiometers were defined by establishing that the failure region occurred wholly within the gage length of the potentiometers instead of averaging the readings of four potentiometers. Although the LVDT readings were provided very close to each other, next to the maximum axial load there can be a significant variation between the minimum and maximum values of shortening reaching very high values.
3D Finite element modeling of RC columns
The concrete elements are modeled using eight-noded isoparametric solid continuum elements. Vertical and lateral reinforcements are meshed using twonoded 3D bar elements. Taking the advantage of symmetry and uniform loading of system, 3D model of the concentrically loaded RC columns is created using one-fourth of the cross-sectional symmetry. The bottom surface is fully restrained while the lateral translations are only restricted in the top surface [10] . The Oliver's damage model [11] primarily developed for concrete elements and now available within the LUSAS software package [12] , are employed for the material modeling of concrete. There are initially three parameters, which have to be defined before the analysis: 1)
The initial threshold, τ * , can be given as
CEB-FIB [13] Equation is adopted for the initial elasticity modulus of elasticity, E 0 :
in which f c is the cylindrical compressive strength of concrete at 28 days. f t is taken as
2) A material parameter, A, is a limiting factor of the maximum size of the element that used for a mesh size choice and is given by [11] 0 2
in which h is the characteristic length of the finite element and G f is the fracture energy of concrete. A simple analytical relation, derived from a semitheoretical approach [14] is used for the fracture energy of concrete:
in which d max is the maximum aggregate size in the concrete mix. A final form of A can be obtained as in a previous study [15] 310
Eq (6) clearly reflects only the mesh size effect into the analysis. A representative mesh size for nonlinear FEA can be used in this study as recommended by Bazant and Oh [16] :
where h x , h y , and h z are sizes of an eight-noded solid element. An ideal elasto-plastic behavior is adopted with a Von Misses type of stress potential for steel elements. 3D-bar elements are used for the reinforcing steel bars and ties.
3)
A damage ratio is the ratio of the stresses that cause initial damage in tension and compression.
Model verification and evaluation of experimental results
3D-Finite element analyses of four RC columns tested in the structural laboratory of Yıldız Technical University are performed in this study. As shown in fig.3 and fig.4 , the mesh sizes chosen for concrete elements are optimum sizes since the expression for material parameter A in eq (6) is derived for representative concrete meshes having approximately a size of three times the maximum aggregate diameter [16] [17] [18] . It is important to model the confining action of the stirrups properly. If only the bar elements are used for ties, there is no possibility to reflect the confining action of ties between two nodes. Therefore, springs, acting on the lateral surface of concrete element are defined and the total spring stiffness acts on the nodes as shown in fig.3 . The assumption of existing of some specific geometrical defects is initially imposed on the cross-section of the column as shown in fig. 3(b) . A perfect flat top surface is modified to a deformed one by imposing a height difference of 10mm (0.01h) and 5mm (0.005h) respectively to one edge of the column. These deformations are really small values, which cannot be observed easily. As can be seen in fig.5 , the results obtained from finite element analysis of deformed specimens for the axial load-shortening curves get closer to the curve drawn averaging readings of three LVDTs.
It is clearly stated that there is no ideal column subjected to a perfect concentric loading up to the failure load. Especially, when the plastic deformations are getting larger at approximately 75% of the maximum load, the cracks begin to grow unstably and macro-cracks arise pointing out the localization of the damage. The readings obtained from the critical LVDT and shown in fig.6 are also close to the results of the 3D finite element analysis of an ideal RC column. The critical LVDT represents the readings belonging to the heavily deformed side of the column, even the differential settlement of this side due to the localized damage can be observed by naked eye. While the test column continues to consolidate near to the failure load, volumetric expansion occurs by the opening of macro cracks on the adjacent side of the column as shown in fig.7 . A similar approach is adopted by Mander et al. [8] defining some critical potentiometers on the failure region within the gage length of the potentiometers instead of averaging the readings of four potentiometers. However, it is clear that there is an uncertainty about the exact place of the localized damage region on which the critical LVDT to be placed for obtaining the maximum shortening values of the column. 
Conclusion
This paper has been concerned with the evaluation of the experimental techniques for obtaining the axial load-shortening curves of RC columns subjected to concentric loading. Comparing the experimental data and 3D finite element analyses of four RC columns tested in the structural laboratory of Yıldız Technical University, some uncertainties measuring the axial deformation is studied. For this purpose, while the average of LVDTs can be used near to the failure load, the critical LVDT readings showing the accumulated damage on heavily consolidated side of the column should be preferred after the beginning of the unstable crack propagation approximately taken as 75% of the failure load. The FEA results and experimental data show good agreement for this case. On the other hand, there is some uncertainty about the exact place for the replacement of the critical LVDT on the failure region. Alternative places for the LVDT on this damaged side of the column may be schemed for measuring the consolidation of the column. Thus, a need for a definition for the replacement of the critical LVDT to measure the axial deformations of RC columns is apparent. Even it is possible to use some averaging values for the determination of the axial shortening.
If a very small height difference between two opposite sides on the top surface of the specimen is imposed on the 3D modelling of columns, the results of FEA and the average of LVDTs are close to each other. This kind of defects is possible during the preparation stage of the specimens and should be carefully checked.
